Abstract We report on two new physiological phenomena: the long-term and total heart rate asymmetry, which describe a significantly larger contribution of heart rate accelerations to long-term and total heart rate variability. In addition to the existing pair of indices, SD1 d ; SD1 a ; which are based on partitioning short-term variance, we introduce two other pairs of descriptors based on partitioning longterm (SD2 d ; SD2 a ) and total (SDNN d ; SDNN a ) heart rate variability. The new asymmetric descriptors are used to analyze RR intervals time series derived from the 30-min ECG recordings of 241 healthy subjects resting in supine position. It is shown that both new types of asymmetry are present in 76% of the subjects. The new phenomena reported here are real physiological findings rather than artifacts of the method since they vanish after data shuffling.
Introduction
Variation in the beat-to-beat duration of cardiac cycles or RR intervals, i.e., the distances between consecutive peaks of R waves of QRS complexes in an ECG signal, is termed heart rate variability (HRV) [1, 34] . This variation is influenced by various physiological mechanisms, most of which are mediated by the sympathetic and parasympathetic branches of the autonomic nervous system. It was first assumed and later proved that HRV measures can be used as indices of autonomic activity or sympatheticparasympathetic balance [1, 34] .
Apart from reflecting a number of physiological features [1, 7, 17, 34] , HRV has been shown to change in different clinical settings like in patients with arterial hypertension, heart failure, diabetes mellitus, after cardiac transplantation or in survivors of sudden cardiac death [1, 11, 15, 21, 34] . One of the most interesting and important properties of HRV is its predictive value in cardiac patients-reduced HRV is associated with increased mortality risk in patients after myocardial infarction or with advanced heart failure [1, 3, 4, 34] .
Numerous methods and descriptors are applied to quantify HRV [1, 34] . The short-and long-term components have been identified in the total HRV [1, 5, 12, 34] . It is accepted that high frequency oscillations are responsible for the short-term HRV, whereas long-term HRV is mainly generated by low frequency oscillations [1, 34] .
The absolute values of changes in RR intervals, irrespective of their true direction (shortening or prolongation of RR intervals), have been taken into consideration in HRV analysis for many years. Recently, some new methods of HRV analysis separating the information derived from heart rate accelerations and decelerations have been proposed [3, 6, 10, 14, 16, 19, 27, 29, 30] . The application of Poincaré plots of RR intervals enabled the discovery of a new physiological phenomenon of heart rate asymmetry (HRA) [10, 27] .
HRA is a physiological phenomenon reflecting the consistently different contribution of heart rate decelerations and accelerations to a variance-based descriptors of the variability of RR intervals time series. So far, it has been defined with respect to the short-term variance: the contribution to short-term variance (SD1 2 ) from decelerations is consistently and highly statistically significantly greater than that from accelerations. The partitioning of SD1 2 defines two HRA descriptors, namely SD1 d and SD1 a (a for accelerations and d for decelerations), whose sum of squares equals SD1 2 i.e., the short-term variability. This partitioning is physiologically interpretable [27] . In this article, we define two new pairs of variance-based HRA descriptors-this time for long-term variance (SD2 2 ) and total variance (SDNN 2 ). Our objective is to check, with the use of the above descriptors, whether there is a consistent and one-directional asymmetry in the long-term and total variability.
Methods
HRA can be best understood with the use of the Poincaré plot, so we begin with a short introduction to this approach, after which the HRA descriptors are introduced and interpreted.
Let
be a time series of RR intervals indexed by the heart-beat number. The Poincaré plot is a visual representation of the RR intervals time series in a plane. Each point has coordinates ðRR i ; RR iþ1 Þ; so that it binds an RR interval with the next one. The standard descriptors of the Poincaré plot, are SDNN, reflecting the total variability, and SD1, SD2 which are widely believed to reflect short-and long-term HRV, respectively [5] . In Fig. 1 , we show the standard descriptors as well as SDNN and other characteristics of the Poincaré plot like the identity line, l 1 and l 2 centroid lines and the centroid itself. The construction of the Poincaré plot leads to a clear division into the points above and below the identity line, which correspond to heart rate decelerations and accelerations, respectively.
For completeness, let us quote the formulas for the standard Poincaré plot descriptors [5, 27] 
where RR n fRR 1 ; RR 2 ; . . .; RR n g; ð4Þ RR nþ1 fRR 2 ; RR 3 ; . . .; RR nþ1 g; and finally
In [27] , we slightly redefined the SD1 2 descriptor basing it on the line of identity rather than on the centroid line, so, we have defined
where r ? i is the perpendicular distance from a Poincaré plot point to the line of identity. Since SD1 2 is the variance and SD1 2 I is another second moment of the points distribution, we have
The magnitude of D is so small, especially for longer recordings, that we can assume that both these moments are practically equal. A more thorough discussion can be found in [27] .
The HRA phenomenon demonstrates one way in which the heart rate deceleration process quantitatively and qualitatively differs from the acceleration process. In previous articles we showed this phenomenon at the short-time scale. To do this, we partitioned the short-term variance, i.e., SD1 2 I into parts corresponding to accelerations and decelerations separately [10, 12, 27] . Below we briefly describe the concept of short-term asymmetry, introduce long-term asymmetry Poincaré plot descriptors and partition the full Poincaré plot variance (SDNN 2 ) into asymmetric parts based on accelerations and decelerations of heart rhythm.
Short-term HRA descriptors
Following the methodology of [27] , we will partition the second moment of the Poincaré plot cloud with respect to the line of identity. Assuming the following nomenclature: r ? d i -perpendicular distance from the decelerating Poincaré plot point number i to the line of identity, r ? a j -perpendicular distance from the accelerating Poincaré plot point number j to the line of identity, we can partition the short-term variability SD1 2 (6) in the following way
where n d is the number of decelerations (points above the identity line), n a is the number of accelerations (points below the identity line). For completeness, we also define n on as the number of points on the identity line (points which correspond to no change in heart rate between two consecutive heart beats), and which do not contribute to the short-term variability, to get
This partitioning lets us naturally define descriptors corresponding to contributions to SD1 2 from accelerations and decelerations separately
Using the above we define normalized contributions of decelerations and accelerations to SD1 2 as
The above process is illustrated by a of Fig. 2 .
In [27] , we defined HRA as a situation where in a group of N subjects we have
and this effect is statistically significant. In [27] , it was shown that short-term heart asymmetry is present in RR intervals time series recordings from healthy resting subjects. The identity line divides the Poincaré plot into two areas-decelerations are located above and accelerations below this line. Two centroid lines are also shown: both pass through the centroid, l 1 is parallel to the identity line, l 2 is perpendicular. The position of the centroid is exaggerated for clearness. As described in [5] , the variance of the projection of the Poincaré plot points along the identity line is the short-term variability SD1 2 (histogram a), perpendicular projection leads to long-term variance SD2 2 (histogram c) and the variance of the projection on RR n is SDNN 2 : The figure is based on [5] and [27] Med Biol Eng Comput (2011) In this subsection we define, for the first time, long-term variability ðSD2 2 Þ partitioning. The meaning of long-term in this article refers to the construction of the parameter and can be calculated for recordings of any length. This is similar to the usage of terms ''high frequency'', ''low frequency'', and ''very low frequency'' in spectral techniques-they can be calculated for recordings of many different lengths, provided that they are stationary and are long enough to have the calculated component. The arguments for considering SD2 2 as a long-term parameter are given in [5] . However, in this article the time-scale for studying long-term variability is 30 min. For this reason, the conclusions drawn here refer to this time-scale. SD2 2 is the second moment of the Poincaré plot around the centroid l 2 line [27] . Since this is the lowest possible moment, it can be called the long-term variance. As explained in [27] , the line of identity is the only physiologically interpretable line in Fig. 1 , l 1 and l 2 lines being geometrical objects describing only the distribution of points in a specific Poincaré plot . Hence, for partitioning SD2 2 we will still use the line of identity rather than l 2 ; even though the second moment is calculated around l 2 : The choice of l 2 is based on two properties of variancefirst, it will give us an exact partitioning of SD2 2 ; second, it is the smallest possible second moment in this direction.
Let us assume the following nomenclature: r jj d i -distance along the line of identity from the decelerating Poincaré plot point number i to l 2 , r jj a j -distance along the line of identity from the accelerating Poincaré plot point number j to l 2 .
For the finite resolution measurement, we partition SD2 2 noticing that some points will be located exactly on the identity line. Therefore
where r jj k stands for the distance of point k along the line of identity to l 2 and n d ; n a ; n on are defined as above.
The first two components of the right side of Eq. 15 can be easily identified as the contributions to SD2 2 only from decelerating points (first sum) and accelerating points (second sum).
The qualitative difference between Eqs. 10,11 and 15 is the presence of the 1=n P n on j¼1 ½r jj on j 2 part in (15) . The points Fig. 2 In a, the process of calculating the short-term HRA is presented, b shows long-term HRA. Note that the identity line is the most important geometric object in both procedures-it is the main criterion for deciding whether a point contributes to the decelerations or accelerations related part of the specific variances (SD1 2 or SD2 2 ). For some points the perpendicular distances r located directly on the line of identity do not contribute to SD1 2 (compare Sect. 2.1), because their distance to the identity line is exactly 0. However, they do contribute to SD2 2 ; as their distance to l 2 is non-zero.
The size of the 1=n P n on j¼1 ½r jj on j 2 part depends on the resolution of the measuring equipment-the lower the resolution, the more the overall degeneracy of the measurement and, consequently, the more points lie on the identity line. Contrariwise, if we imagine a perfect measurement with resolution tending to infinity, the probability that two consecutive points of the RR intervals time series are equal would tend to zero, and so would the above contribution to variance.
There are a few possible ways to address the presence of this identity line generated part of variance. We suggest this part be equally distributed between parts corresponding to decelerations and accelerations-in this way, the statistical tests will be more conservative. Thus, we define the following partitioning of SD2 2 between accelerations and decelerations
which has the same form as (10), but where the respective parts are defined as
Just like in Eq. 12, we can define normalized contributions from decelerations and accelerations to SD2 2 as
where
This partitioning process and its various steps are illustrated by b of Fig. 2. 
SDNN 2 partitioning
Using Eqs. 5,10,16, we can formally partition the total variability ðSDNN 2 Þ in the following way 
Thus, we define
Partitioning (22) leads to the following formula for the contributions of accelerations and decelerations to total variability:
Above we have introduced two new sets of partitioningbased descriptors based on long-term variance and total variance. Any systematic departure from the equality of C2 d and C2 a as well as C d and C a would constitute longterm and total HRA phenomena. This will be tested in the next section.
At this point it is worth mentioning that our approach to HRA is one-directional. There are other approaches which are not one-directional [19] and we believe that these approaches refer to different properties of heart rhythm variability than ours. In the next subsection, we attempt to address this problem.
The directionality of HRA
In this article, as well as in all the previous ones we have stressed that our definition of asymmetry is one-directional, that is one of the asymmetry descriptors has to be consistently bigger/smaller for us to be able to declare that there is asymmetry. Other approaches which accept asymmetry whenever the conjugated asymmetry descriptors are different can also be considered. With these approaches it is easier to establish asymmetry, however, we believe that they have weaker mathematical justification. These types of asymmetry may not correspond to any physiological phenomena-they may just be an artifact of the method. They are also more difficult to interpret physiologically.
In a Poincaré plot, there are at least two components driving its geometry: the physiology and stochasticity. If the two-directional asymmetry definition mentioned above is accepted, the stochastic component will almost certainly generate asymmetry even for a perfectly symmetric process, since a totally balanced plot (perfectly equal on both sides of the identity line) is actually rare, which can be shown on the basis of probability analysis.
Let us draw an analogy. Let us assume that in an RR intervals time series the probability of the next interval being an acceleration or deceleration is purely random and that the probability of either result is the same. This situation is equivalent to the classic fair coin-tossing experiment, with probability P = 1/2 for both heads and tails. Let us now toss the coin 100 times-this will be a single ''Poincaré plot '' consisting of 100 points. The probability that in this experiment we will get exactly 50 heads is PðsymmetryÞ ¼ 100 50
while all the other ''asymmetric'' results will have the joint probability of
This means that in a sample of 100 recordings generated in the above described way, in the bidirectional approach, 92% ''asymmetric'' Poincaré plots are expected and they do not prove any kind of asymmetry in the analyzed process. A perfectly symmetric process such as this must have 92% ''asymmetric'' Poincaré plots.
To alleviate this problem a ''safety'' region can be selected-in [19] it is ±1% of the difference between the minimum and maximum of the studied asymmetry index value. Still, this type of asymmetry may mainly be driven by the stochastic component, and there is the problem of the arbitrary width of the ''safety'' region. The statistical test can only be designed if the region is judiciously selected-this is possible, but unwieldy. Also, the interpretation of such an asymmetry is more difficult: in our approach, we attribute certain parts of variance to heart rate decelerations or accelerations. If the two-directional approach is assumed, it can no longer define its parameters separately for decelerations and accelerations. The onedirectional approach seems mathematically better justified, leads to a well defined statistical test, and is physiologically more easily interpretable.
Statistical analysis
For the analysis, we use the binomial test for comparing the numbers of asymmetric cases and the Wilcoxon test for comparing the relative contributions. Our zero hypothesis (H 0 ) is that there is no asymmetry. We will conclude the presence of asymmetry if (a) a significant number of subjects shows asymmetry of the same direction and (b) if the contribution either from decelerations or accelerations are consistently and significantly greater. The motivation for using these statistical techniques as well as the sample size calculation may be found in [27] .
To check whether the obtained results reflected the physiological structure of the time series rather than being just an artifact of the method, we used the shuffled-data approach based on a random number generator. From the mathematical construction of the descriptors it follows that after shuffling no asymmetry should be observable.
Materials
30-min long RR intervals time series were analyzed. For this study, 241 young, healthy volunteers were enrolled (22-25 years of age, 105 women). All subjects refrained from smoking, alcohol, and coffee for 24 h before the study. No participant was addicted to drugs, taking any medications, or involved in endurance training. All volunteers gave informed consent to participate in the study. This project was approved by the Poznan University of Medical Science Bioethics Committee.
Protocol
The study was performed at rest in the supine position, and the subjects were kept quiet in a neutral environment. The subjects were allowed to breathe spontaneously during the whole study. The 30-min recording was taken after a preceding 15-min period used for cardiovascular adaptation. Three channels of a bipolar chest lead ECG were recorded with a sampling frequency of 1600 Hz by an A/D converter (Porti 5, TMSI, The Netherlands). The data were transferred on-line to a PC for on-screen monitoring and data storage. The preliminary automatic evaluation of the recordings was performed with the use of the libRASCH/ RASCHlab software from the libRASCH project (v. 0.6.1; http://www.librasch.org, Germany). This was followed by visual inspection of all signals and necessary corrections of the obtained values [32] , i.e., beats misclassified by the software were corrected. The values of the RR intervals were retrieved from the stored recordings and used in further analysis. The data were analyzed with the use of inhouse software written in Python (Python Foundation, USA). The statistical analysis was performed with the use of the R statistical package (R-project, http://www.rproject.org). The RR intervals time series were filtered as described in [26] to correctly remove all points involving ectopic beats and artifacts.
Results

Short-term asymmetry
SD1 d [ SD1 a was observed in 199 subjects which is 82.6% of the group. This is a highly statistically significant result in the binomial test, P \ 0.0001. The mean C1 d was 0.54; the Wilcoxon test yields a highly significant results with P \ 0.0001. Short-term HRA is clearly present in the studied group.
After shuffling both effects disappeared-approximately half (121) shuffled recordings had SD1 d [ SD1 a and C1 d was close to 0.5 (0.495)-P-value not significant in both tests.
Long-term asymmetry
SD2 d \SD2 a was observed in 184 subjects which is 76.4% of the group. This is a highly statistically significant result in the binomial test, P \ 0.0001. The mean C2 d was 0.47; the Wilcoxon test yields a highly significant result with P \ 0.0001.
We note that there is a consistent effect with SD2 a [ SD2 d : The criterion for establishing the presence of asymmetry defined in [27] , that is the requirement that one-directional asymmetry is observable in at least 70% cases is fulfilled. Therefore, we can report on a new HRA phenomenon, namely the long-term HRA. Note that for long-term asymmetry it is the accelerations that have a greater contribution than decelerations to long-term variability.
After shuffling the effects disappeared-approximately half (127) shuffled recordings had SD2 d \SD1 a and C2 a was close to 0.5 (0.499)-p-value not significant in both tests.
Total asymmetry
SDNN d \SDNN a was observed in 184 (exactly the same number as above) subjects which is 76.4% of the group. This is a highly statistically significant result in the binomial test, P \ 0.0001. The mean C d was 0.48; the Wilcoxon test yields a highly significant result with P \ 0. 0001 We note that there is a consistent effect with SDNN a [ SDNN d : As with the long-term asymmetry, all the statistical conditions for establishing asymmetry were met, so we can report on another HRA phenomenon, namely the total HRA.
After shuffling the effects disappeared-approximately half (127) shuffled recordings had SDNN d \SDNN a and C a was close to 0.5 (0.496)-P-value not significant in both tests.
HRA emergence
As it was mentioned, the maximum time scale of the present analysis is 30 min. In [10] , the short-term asymmetry was observed in stationary recordings of 5 min. Therefore, it is interesting to check what the prevalence of all types HRA is for shorter recordings.
To answer this question we cut the recordings into two (15 min) and three (10 min) parts and used the first segment of each recording. The result for 15 min segments are the following: short-term HRA is observed in 75% of the studied subjects, long-term HRA in 70%, and total HRA in 68%. In 10 min recordings, short-term HRA was present in 73%, long-term HRA in 66%, and total HRA in 65%. All these results are statistically significant with P \ 0.001.
We have also checked much shorter segments. Since the sample size is 241, the smallest proportion in the binomial test that significantly differs from 0.5 is 0.57 (with P = 0.039). This proportion is reached after as short a time as 1 min for all three types of asymmetry (0.57 for shortterm, 0.58 for long-term and total asymmetry). Therefore, in this study, HRA can be observed after just 1 min of stationary ECG recording. The analysis of this subsection is based on [20, [23] [24] [25] .
Discussion
In this article, we have described two new phenomena which can be observed in resting patients in supine position, namely the long-term and total HRA. The long-term asymmetry complements the already known short-term asymmetry, and the total HRA is a net result of these two phenomena. The long-term asymmetry is the statistically significantly lower contribution of heart rate decelerations to the long-term variability, namely SD2
2 : This effect is opposite to what is observed in the short-term HRA, in which decelerations have a significantly larger contribution to short-term variability, i.e., SD1
2 : The formal partitioning of total HRV into a part contributed by accelerations and a part contributed by decelerations leads to the second observation reported in this article, namely total HRA in which decelerations have a lower contribution than accelerations. Clearly, in total HRA, long-term asymmetry prevails.
Another important finding of our physiological study is that heart rate decelerations and accelerations influence the short-term HRV differently than the long-term or total HRV. A possible explanation for this is compensation within HRA. The more dynamic decelerations, contributing more to short-term variability are compensated for by less dynamic accelerations, which have to act on a longer time-scale to balance out the decelerations (compare [28] ). Whether this compensation is an effect of antagonistic and compensatory function of the sympathetic and parasympathetic systems or some cardiovascular reflexes with negative feedback (e.g., baroreflex), remains a speculation only.
All types of asymmetry are abolished after data shuffling. In this article, we have used the shuffling randomization method with the use of a random number generator, however, any randomization scheme which destroys the phasic information must yield the same result.
The underlying mathematical representation of the phenomena reported could lie in the different structure of runs of decelerations and accelerations described in [28] . The analyzes of [2, 18] in which fluctuations of magnitudes and signs of the RR increments were analyzed and different behaviors of these two were found at various time-scales could also shed some light on the results reported here.
Various physiological mechanisms could be responsible for HRA. HRA is a part of HRV which is related to and used for the evaluation of the autonomic modulation of the cardiovascular system. For example, baroreflex exhibits some asymmetry, as baroreflex sensitivity is different for blood pressure increases and reductions, even for the same magnitude of blood pressure absolute changes [22, 31] . For this reason, we are inclined to assume that HRA is under some influence of the autonomic nervous system, particularly baroreflex. Another plausible mechanism might be more mechanical. Respiratory sinus arrhythmia is a physiological phenomenon by which the duration of cardiac cycles during a single breath varies-the RR intervals shorten during inspiration and increase during expiration [1, 8, 9, 34] . Usually, the duration of inspiration and expiration is not equal, i.e., it is asymmetrical, and this respiratory sinus arrhythmia is also responsible for different amount of blood getting in and being ejected from both ventricles of the heart throughout each breathing cycle. Some other mechanisms can also be considered with a number of factors regulating the duration of each cardiac cycle, like changes in the action potential caused by the changes in potassium and sodium concentration in the natural pacemaker (sinus node) as well as variations in acetylocholine, norepinephrine, or other neurotransmitters regulating the momentary heart rate [33, 34] . It is also possible that HRA is generated by a combination of all or some of the mechanisms mentioned above or by another mechanism, which is not listed here.
Only a few physiological and clinical studies have evaluated HRA so far. Porta et. al.have shown that HRA changes during head-up tilting in healthy people. In the same paper they showed that HRA changes in fetuses between 16th to 40th week of gestation [29] . Porta et. al. [30] have reported that the relative number of heart rate decelerations during a day is significantly reduced in patients with chronic heart failure compared with control subjects. Our group has shown that measures of HRA are reduced in patients with type 1 diabetes of a very long duration (at least 25 years) both in resting 10-min ECGs and in 24-h ambulatory ECGs compared to healthy age-matched controls [11] . In addition, we have reported that the measures of the structure of HRA, i.e., deceleration runs, are reduced in post-infarction patients with increased risk of mortality during a 2-year follow-up [14] .
All these studies clearly show that HRA is not only some peculiarity and a newer approach to HRV but it carries physiological and clinical information.
It appears that asymmetrical properties can be found not only in HRV but also in the blood pressure variability as increases in systolic blood pressure have significantly larger contribution to short-term blood pressure variability than reductions. HRA and blood pressure variability asymmetry are independent phenomena [13] .
HRA is a new and poorly understood phenomenon. It has a clear presence in healthy resting subjects and the methods to quantify it are quite straightforward and interpretable, so it should be simple to study it in more detail and in different clinical settings by other researchers. More methodological, exploratory, explanatory and practical studies are needed to better understand HRA.
To conclude, in this article, we have reported on new, so far unknown aspects of HRA, namely that the contributions of accelerations to long-term and total HRV are significantly greater than those of accelerations. These effects are opposite to the effect found earlier in short-term HRV. To study these aspects of HRV, we have introduced a new way of partitioning variance associated with RR intervals time series.
